Acid and alkaline pretreatments for enhanced hydrogen production from cassava stillage were investigated in the present study. The result showed that acid pretreatment was suitable for enhancement of soluble carbohydrate while alkaline pretreatment stimulated more soluble total organic carbon production from cassava stillage. Acid pretreatment thereby has higher capacity to promote hydrogen production compared with alkaline pretreatment. Effects of pretreatment temperature, time and acid concentration on hydrogen production were also revealed by response surface methodology. The results showed that the increase of all factors increased the soluble carbohydrate production, whereas hydrogen production was inhibited when the factors exceeded their optimal values. The optimal conditions for hydrogen production were pretreatment temperature 89.5 W C, concentration 1.4% and time 69 min for the highest hydrogen production of 434 mL, 67% higher than raw cassava stillage.
INTRODUCTION
Hydrogen is an ideal fuel in the future as its burning product will not contribute to greenhouse gas or acid rain compared with traditional fossil fuels (Nath & Das ) . Fermentative hydrogen production from wastes is an efficient process that can provide mankind with economic and sustainable hydrogen energy, and it has been attracting people's interest recently.
The use of cassava in the production of bioethanol has recently gained worldwide attention, especially in Asia, due to increasing demands for renewable sources (Nguyen et al. ; Leng et al. ) . During fermentation and distillation processes, however, a large amount of hightemperature (>90 W C) waste (e.g. cassava stillage) is generated containing high levels of organic pollutants and suspended solids (SS). It has been estimated that a single mid-sized ethanol facility generates stillage pollution levels similar to those found in the sewage of cities populated by 500,000 people (Lele et al. ) . Such highly concentrated organic wastewater is of great environmental concern if not properly treated. However, carbohydrate has been proven to be suitable for hydrogen production (Mizuno et al. ; Lay et al. ) , and cassava stillage is carbohydrate-rich waste, which makes it a good source for fermentative hydrogen production. The hydrolysis of cassava stillage is crucial for the fermentative hydrogen production, because only about 20% of the total carbohydrate is soluble and the other part of the carbohydrate exists in the form of SS. Both acid and alkaline pretreatments have been demonstrated to be efficient and cost-effective methods to promote solubilization of insoluble organics from complex wastes to enhance methane or bioethanol production (Saha et al. ; Torres & Llorens ) . However, only few studies have been conducted to investigate acid and alkaline pretreatment for fermentative hydrogen production from complex wastes. Alkaline pretreatment was proven to be a good method for stimulating hydrogen production from sewage sludge (Cai et al. ) , while Fan et al. () found acid pretreatment of beer lees plays a key role to improve fermentative hydrogen production. No detailed information on the mechanism whereby pretreatment improved hydrogen production was described in their study. Also it is necessary to develop our knowledge about the acid and alkaline pretreatment effects on the hydrogen production from cassava stillage.
Furthermore, optimization of pretreatment is very important to obtain the highest hydrogen production. Factors including temperature, concentration of acid or alkali, and time could affect the pretreatment efficiency for solubilization of organic matter (Saha et al. ; Saha & Cotta ) , which will indirectly affect the hydrogen production. Though higher temperature, higher concentration of acid and alkali, and longer time may lead to the higher solubilization of organic matter, the higher soluble substrate, anion (Cl À ) or cation (Na þ ) concentration can inhibit the fermentation process (Zhang et al. ; Fan et al. ) . Therefore, it is very important to optimize the pretreatment method. Response surface methodology (RSM) is an effective and powerful method to evaluate the effects of several process parameters and their interactions on response variables, which has been successfully used for hydrogen process optimization (Wang & Wan ; Zhao et al. ; Guo et al. ) . However, to our knowledge, RSM has not been used to optimize the pretreatment for fermentative hydrogen production. Thus, the objective of the research was to investigate the pretreatment efficiency on cassava stillage by acid and alkali for hydrogen production, and the involved mechanism is also discussed. RSM was applied to help evaluate parameters such as temperature, pretreatment time and concentration to optimize pretreatment for fermentative hydrogen production. 
MATERIAL AND METHODS

Cassava stillage and inoculum
Fermentation tests
Batch hydrogen production tests were performed in 250 mL vials. Seed sludge of 40 mL and raw or pretreated cassava stillage of 140 mL were added to each bottle and the working volume was adjusted to 200 mL with distilled water. The initial pH of the mixed solution was adjusted to 6 by 2 N HCL or 2 N NaOH. The bottles were placed in a shaking water bath (150 rounds per minute) at 60 W C, after flushing with nitrogen gas for 5 min to provide anaerobic condition, and capped with rubber stoppers. The evolved biogas was collected by gas bags. The amount of biogas was determined periodically using a syringe and at the same time the composition of the biogas was measured. Each test was carried out in triplicate.
Experimental design and procedure
In the acid or alkaline pretreatment tests, different amounts (0.25, 0.5, 1, 2 and 4%) of HCL or NaOH were added to the raw cassava stillage and then the mixtures were placed in the shaking water bath (150 rounds per minute) for 90 min at 90 W C. The soluble total organic carbon (TOC) and carbohydrate were determined to investigate the pretreatment effects on the cassava stillage. Subsequently, fermentation tests were conducted to compare the hydrogen production of acid-and alkali-pretreated cassava stillage. Based on the above tests, acid pretreatment was selected to enhance hydrogen production from cassava stillage. In the optimization tests, RSM was used to optimize the factors, i.e. pretreatment temperature (X 1 ), acid concentration (X 2 ) and time (X 3 ), for hydrogen production improvement based on a three-factor central composite design (CCD). The levels of factors used for optimization Table 2 ). The center runs provided a means for estimating the experimental errors and a measure of lack of fit. The axial points were added to the factorial design to provide for estimation of curvature of the model. The distance from the center point was given by α ¼ 2 n /4, (for three factors, n ¼ 3, α ¼ 1.682).
Both soluble carbohydrate in the pretreated cassava stillage and cumulative hydrogen production were chosen as the response variables. For the statistical calculations, the relation between the coded values and real values was described as follows:
where x i is a coded value of the variable, X i is the real value of the variable, X 0 is the real value of X i at the center point; and ΔX is the step change of the variable.
The levels of the variables and the experimental results are shown in Table 2 . The linear or quadratic model was used to fit the data by 'Design Expert 7.1.3' (Stat-Ease Inc., Minneapolis, USA).
Analytical methods
TS and VS were analyzed in duplicate in accordance with standard APHA methods (APHA ). Total and soluble carbohydrates were determined using the phenol-sulfuric acid method (Dubois et al. ) . The biogas composition was determined using a gas chromatograph (Shimadzu GC-14B) equipped with a thermal conductivity detector and a stainless steel column packed with Carbosive SII (diameter of 3.2 mm and 2.0 m length). Injector, detector and column temperatures were kept at 100, 105 and 60 W C, respectively. The carrier was nitrogen and the flow rate used was 30 mL/min. The measured hydrogen volume was adjusted to volume at STP (standard temperature 0 W C and pressure 1 atm). 
RESULTS AND DISCUSSION
Effects of acid and alkaline pretreatments
Carbohydrate solubilization
Carbohydrate is the most suitable substrate for fermentative hydrogen production. Therefore, the solubilization of carbohydrate from the SS in cassava stillage is crucial. Figure 1 presents the variation of soluble carbohydrate with different concentration of acid or alkali. It is obvious that acid pretreatment was more suitable for the solubilization of carbohydrate from cassava stillage. At all tested concentrations, soluble carbohydrate pretreated by acid was much higher than that by alkaline pretreatment. In fact, acid pretreatment has been widely used for bioethanol production from lignocellulosic biomass to enhance the solubilization of hemicellulose to obtain carbohydrate (Hendriks & Zeeman ) . The results obtained in our study also further demonstrated acid pretreatment was efficient for soluble carbohydrate production from cassava stillage. In addition, the concentration of acid or alkali also plays an important role for the conversion of particle carbohydrate to soluble carbohydrate. The solubilization efficiencies by acid were from 22.6% (0.25% acid) to 98% (4% acid) higher than the raw cassava stillage, while the values by alkali were from 6% (0.25% alkali) to 43% (4% alkali). It seems that the higher concentration of acid may lead to the higher soluble carbohydrate. However, the highest concentration tested in the study was 4% considering the pretreatment cost and the possible inhibition of Cl À and Na þ .
TOC solubilization
Soluble TOC in the pretreated cassava stillage also can be used to evaluate the solubilization capacity of acid or alkaline pretreatments. Figure 2 shows the variation of soluble TOC with the different concentration of acid or alkali. Unlike with the variation of soluble carbohydrate, both acid and alkali have the similar effects on soluble TOC production from cassava stillage when the concentration was at or below 0.5%. However, when the concentration was higher than 0.5%, alkaline pretreatment obviously stimulated more soluble TOC production compared with acid pretreatment. Moreover, when the concentration was higher than 2%, the soluble TOC was stable and further increase of acid or alkali will not lead to higher soluble TOC. It is not expected that alkaline pretreatment would lead to higher soluble TOC but relatively lower soluble carbohydrate, compared with acid pretreatment. Hendriks & Zeeman () pointed out that alkaline hydrolysis, degradation and decomposition of insoluble carbohydrate could take place in the alkaline pretreatment step. It is possible that part of the produced soluble carbohydrate was consumed by the above reaction, which led to the lower soluble carbohydrate compared with acid pretreatment. This is the first report of the phenomena of acid and alkaline pretreatments having opposite effects on the enhancement of solubilization of carbohydrate and TOC.
Hydrogen production
Based on the above analysis, both acid and alkaline pretreatments have significant effects on the solubilization of carbohydrate and TOC from cassava stillage. Therefore, it is expected that pretreatments would be also beneficial for hydrogen production. The variation of hydrogen production with the variation of concentration of acid and alkali is depicted in Figure 3 . For acid pretreatment, the hydrogen production sharply increased from 56.7 to 84.6 mL/gVS when the concentration of acid increased from 0 to 1%, and the hydrogen production was inhibited when the concentration of acid exceeded 2%, reaching a value of 22.5 mL/gVS at 4%. For alkaline pretreatment, the hydrogen production increased from 56.7 to 61.9 mL/gVS when the concentration of alkali increased from 0 to 0.5%, and further increase of the alkali concentration resulted in the severe inhibition for hydrogen production.
As can be seen from Figure 3 , the maximum hydrogen production increased 49.2% when acid pretreatment (1%) was used compared with raw cassava stillage, while the maximum hydrogen production increased only 9% when alkaline pretreatment (0.5%) was used. Therefore, acid pretreatment was an efficient method to enhance the hydrogen production from cassava stillage. This agrees with the previous analysis that acid pretreatment was more suitable for the soluble carbohydrate production. Although the higher concentration of acid stimulated more soluble carbohydrate production, the hydrogen production was inhibited at higher concentration of acid. On the one hand, the higher concentration of carbohydrate at higher concentration of acid may inhibit the production of hydrogen. On the other hand, the higher concentration of Cl À also had a negative effect on the hydrogen production.
Thus, it is meaningful to further optimize the acid pretreatment to obtain more hydrogen.
Optimization of acid pretreatment
Soluble carbohydrate
As demonstrated in the study, soluble carbohydrate production from cassava stillage was crucial for hydrogen production. The response surface model of soluble carbohydrate was established to investigate the effects of pretreatment temperature, time and acid concentration. The regression model can be represented by the following equation:
Analysis of variance (ANOVA) is important to test the adequacy and significance of the fitting model. The results of ANOVA are shown in Table 3 . The model F-value of 21.55 implies the model is significant and there is only a 0.01% chance that a 'Model F-value' this large could occur due to noise. The acceptable determination coefficient (R 2 ¼ 0.802) demonstrates that the model could be used to explain more than 80% of the variability in the response. P-values were used to check the significance of each variable and indicate the interaction strength between each independent variable (Liu et al. ). P-value less than 0.05 indicated the significant model terms. All the factors including pretreatment temperature, time and acid concentration have significant effect on the soluble carbohydrate (p < 0.01). Equation (1) clearly showed the soluble carbohydrate increased with the increase of pretreatment temperature, time and acid concentration. In the tested range of all the factors, no inhibition of soluble carbohydrate was found and the maximum soluble carbohydrate could be obtained at the highest value of all the factors in the tested range.
Hydrogen production
Based on the results presented in Table 2 and by the application of multiple regression analysis on the data, the following equation was obtained to describe the hydrogen production as a function of pretreatment temperature, time and concentration:
ANOVA results are shown in Table 4 . It is obvious that the fitting model was highly significant with P < 0.01 while the lack of fit was not significant with P > 0.05. The model F-value of 22.87 implies the model is significant and there is only a 0.01% chance that a 'Model F-value' this large could occur due to noise. The acceptable determination coefficient (R 2 ¼ 0.956) demonstrates that the model could be used to explain more than 95% of the variability in the response. All the above descriptions demonstrated that Equation (2) could be well used to describe the effect of pretreatment temperature, time and concentration on hydrogen production. In this case, the linear term of pretreatment temperature and time, the quadratic term of pretreatment temperature, time and concentration, and the interactive term between pretreatment temperature and concentration had great impact on the hydrogen production. The other model terms had little effects on the hydrogen production with P > 0.05. The interactions between two variables within the experimental range, keeping the other at its central level, were analyzed to obtain the response surface plot and corresponding contour plot based on Equation (2) (Figure 4 ). The highest peaks could be found in each response surface plot, which means that the maximum hydrogen production can be obtained inside the experimental range. Therefore, RSM was important to help us find the optimal pretreatment condition to obtain highest hydrogen production in the experimental range. The maximum hydrogen production was estimated by Equation (2) and the optimum conditions were: pretreatment temperature 89.5 W C, concentration 1.4%
and time 69 min, corresponding to the highest hydrogen production of 437 mL. The results were different from the response surface plot of soluble carbohydrate. As Equation (1) indicated, highest soluble carbohydrate was achieved when all the factors were at their highest value and no inhibition to soluble carbohydrate was found, whereas the hydrogen production would decrease when the three factors exceeded their optimal value in the experimental range. It demonstrated that, although soluble carbohydrate was a suitable substrate for hydrogen production, the higher concentration or the presence of some other ion can decrease the hydrogen production.
Confirmation test
In order to confirm the effectiveness of optimal conditions (pretreatment temperature 89.5 W C, concentration 1.4% and time 69 min) obtained by RSM, an additional three experiments were conducted. The hydrogen production in the experiment was 434 mL (93.9 mL/gVS), which was close to that predicted by RSM. The results clearly demonstrated the effectiveness of the model. The maximum hydrogen production, 434 mL (93.9 mL/gVS), was 67% higher than that from the fermentation of raw cassava stillage. For real application of the process, economic analysis needs to be done. Although the temperature for the pretreatment is 89.5 W C, it will not cost extra energy because of the high temperature of cassava stillge (>90 W C). The only thing that needs to be considered is the cost for acid addition. After hydrogen production, there was always a lot of organics (mainly volatile fatty acids) left, which could be further utilized for methane production. It has been demonstrated that the methane production in a two-stage (hydrogen þ methane) process was higher than traditional single methane production (Luo et al. , ) . It is suggested that further study and optimization of the two-stage process for hydrogen and methane production from cassava stillage, to obtain more energy, are required.
CONCLUSIONS
Acid and alkaline pretreatments for hydrogen production from cassava stillage were investigated. Acid pretreatment was confirmed to have higher capacity to promote hydrogen production from cassava stillage compared with alkaline pretreatment. Acid pretreatment was suitable for enhancement of soluble carbohydrate, while alkaline pretreatment stimulated more soluble TOC production from cassava stillage. RSM results showed that the optimal conditions for hydrogen production were pretreatment temperature 89.5 W C, concentration 1.4% and time 69 min, achieving the highest hydrogen production of 434 mL (93.9 mL/ gVS), 67% higher than raw cassava stillage.
